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Introduction
The presence of human pharmaceuticals in aquatic environments around the world is considered to be one of the pollution problems of emerging concern as the effect of these pharmaceuticals on aquatic animals is still largely unknown. 1, 2 There are growing concerns that pharmaceuticals in water may have unintended effects on fish. 3, 4 Case studies include the collapse of a fish population exposed to a synthetic oestrogen in Canada 5 ; reduced hatching success of zebrafish (Danio rerio) embryos exposed to sulfonamides 6 ; histological changes in the organs of rainbow trout (Oncorhynchus mykiss) and common carp (Cyprinus caprio) exposed to diclofenac 7 ; and liver damage and altered health in Mozambique tilapia (Oreochromis mossambicus) exposed to efavirenz, an antiretroviral (ARV) 8 . It is evident that pharmaceutical pollution in aquatic environments needs to be investigated thoroughly as pharmaceuticals are important in our everyday life to prevent and treat diseases in humans, animals and crops, leading to increased economic income of households and countries. 1 Consumption of pharmaceuticals around the world is diversified, and, therefore, the types and concentrations of pharmaceuticals in surface water differ from one region to another. 9 South Africa is amongst the countries with the highest HIV prevalence in the world, with approximately 7.9 million people infected. 10 More than 60% (4.4 million) of people living with HIV are receiving ARVs -making South Africa the biggest ARV treatment programme in the world. 10, 11 Studies in different countries have showed that the current technologies used to treat waste water in wastewater treatment plants do not remove, or only partially remove, some of the pharmaceuticals, including ARVs. [12] [13] [14] In addition, during the disinfection processes, some pharmaceuticals form compounds which can be more active than their parent compound. 15 It is therefore not a surprise that South African surface water contains all types of ARVs used in the country, and that these ARVs have also been detected in tissues of fish. 16, 17 Currently, little information is available on the effects ARVs may have on fish health. Nevirapine (NVP), a first-line ARV prescribed in South Africa, has been repeatedly detected in surface water around the country 16 , because it is resistant to biodegradation 18 and because the chlorination process used in wastewater treatment plants in the country results in the formation of various NVP degradation products, some of which have similar antiviral activity to the parent compound 15, 19 . NVP is known to cause serious undesirable side effects in humans including liver toxicity and skin rash. 20 Being continuously added to surface water as a result of daily consumption, NVP as well as all other ARVs and pharmaceuticals in general, are constantly present in surface water and available to fish living in the water. 21 This situation raises concerns about the possible effects ARVs and NVP in particular may have on fish health.
Human pharmaceuticals are highly active chemical compounds designed to have specific physiological effects on target tissues. 1 Therefore, serious concerns arise when non-target organisms such as fish come into contact with such highly active compounds which were not intended for them. Nobody can predict with certainty what effects these compounds may have on fish. Recent laboratory exposure studies have shown that some of those WiSWB 2018 pharmaceuticals can disturb fish physiology and metabolism. [22] [23] [24] Some studies have also emphasised that early life stages of fish may be more vulnerable to pollutants in water which can impede their growth and development and these pollutants could, therefore, negatively affect fish communities and populations. 25 Fish growth is determined amongst others by the type and quantity of food, the physicochemical water quality and the competition among individuals. 26 When conditions become unfavourable, for example, in the case of pollution or food scarcity, fish will show impaired growth. 27 In fisheries, mass and length measurements are important growth parameters which are recorded frequently to calculate mass-length relationships to estimate the well-being and age of the fish. 28, 29 The mass-length relationship of a healthy fish should show a strong positive correlation as the fish is growing. 29 One of the most used mass-length relationships in fisheries is the condition factor (CF) which is expressed as the ratio between fish mass and length. [28] [29] [30] Researchers in fisheries using different fish species have shown that the CF of a healthy adult fish is close to 1. [28] [29] [30] Pharmaceuticals which may affect fish growth by disturbing metabolism, may lead to reduced growth which may be noticed through changes in growth parameters. 30 Potentially detrimental effects of pharmaceuticals of concern on aquatic organisms should be determined, and effects of individual pharmaceuticals should be assessed on individual species to determine specific effects. 31 We report on the potential effects of NVP on the growth of larvae and juveniles of the southern African indigenous freshwater fish species Oreochromis mossambicus through a laboratory chronic exposure. 
Methods

Ethical clearance
Breeding of fish
Sexually mature O. mossambicus were chosen from the University of Johannesburg's aquarium stock and organised into two breeding sets (comprising one male and two female individuals) in two 700-L glass tanks. The experiment was conducted in an environment-controlled room: the temperature of the water was kept at 27±1 °C, a photoperiod cycle of 14 h light:10 h dark was maintained, and an oxygen line was connected to each tank (providing ≥80% dissolved oxygen). The fish were inspected every morning for possible eggs, and once eggs were available, they were collected from the mouth of the female fish approximately 24 h after fertilisation and placed in 1-L glass bottles fitted with small hatching jars.
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Exposure conditions and procedures
The experiment was conducted four times and included three groups: control group with dilution water only; the solvent control group (<0.01% v/v dimethylsulfoxide or DMSO in water) and the NVP group (1.48 µg/L 16 ). The exposure started with eggs in 1-L glass jars containing the exposure media. The start of the larval stage was recorded as the first day after hatching. 33 On the fifth day after hatching, the larvae were transferred to 20-L glass tanks where the exposure continued until they were 30 days old. Then they were transferred to 90-L tanks and the exposure continued until they were 60 days old. The transfer to bigger tanks was done in order to give the fish more space for adequate growth and development. 33 As the exposure lasted 60 days, exogenic feeding started when the yolk sac was almost depleted, which was approximately 12 days post-fertilisation. The start of exogenic feeding also marked the end of the larval stage and the start of the juvenile life stage. 33, 34 The fish were fed three times per day with complete tilapia fry crumble #1 (500-750 µm) (Tilapia Fry Crumble, AVI Products (Pty) LTD 2001/015923/07, Durban, South Africa).
The experiment was conducted in the same climate-controlled room as the breeding to avoid exposure of the embryos to different temperatures; the temperature in the different exposure containers was kept at 27±1°C and a 14:10 h light:dark photoperiod was maintained. Oxygen was supplied and kept at ≥80%. Each exposure container was checked twice daily to remove organic waste including dead embryos/larvae if any, food remains and excretion. The pH in each container was monitored daily and maintained between 7.6 and 8.1.
At least 10 individuals aged 1, 5, 30 and 60 days old were sampled per group by placing them on ice for 3-5 min, which served as an anaesthesia. Then the total length and wet mass of each individual were measured using a small graduated board (in mm) under a dissecting microscope and an electronic scale accurate to 0.001 g. The sampling of specimens was done randomly using a plastic pipette with the tip cut to make a ±3-mm opening for 1-and 5-day-old larvae, and a small net for 30-and 60-dayold juveniles. After taking the measurements, the fish were killed and fixed in 10% neutral buffered formalin for further analyses. The CF of each fish was calculated from the recorded mass and length measurements following Carlander 35 . The age of the fish was recorded and expressed in days post-hatching, with Day 1 being the first day after hatching.
Total body mass (g) × 10 5 Total body length (mm) 3 
CF =
The mean specific growth rate (SGR) which expresses the mean daily mass gain was also calculated in % for each group for 30-and 60-dayold juveniles using the following formula 36 :
Ln Final mass -Ln Initial mass
where Ln represents the natural logarithm while T 1 and T 2 represent the days of initial and final mass recordings, respectively.
Water physical and chemical parameters
The physical parameters of the water were monitored daily. Every 96 h the exposure medium was renewed (to a half) to maintain NVP concentration and water quality as per recommended guidelines. 37 The exposure media were sampled for instrumental analysis to determine the concentration of NVP. The analyses were done by an ISO 17025 accredited laboratory using ultra-high-pressure liquid chromatography (UPLC) coupled to quadrupole time-of-flight mass spectrometry (QTOF/MS).
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Statistical analysis
The IBM SPSS Statistics software (version 24) was used for statistical data analysis with a significance level of p<0.05. Data were checked for normality of distribution using the Shapiro-Wilk test; the Spearman correlation coefficient moment (rho) was used to test the strength and direction of association between length and mass measurements; and nonparametric Kruskal-Wallis and Mann-Whitney U tests were used to test the significance of differences between the NVP-exposed fish and control fish.
Results
The analysis of test media samples showed that NVP concentrations never fell below 80% of the nominal concentration. NVP was below the detection limit in both the control and solvent control media.
At the end of the exposure, the mean survival rate of 60-day-old fish was above 78% in all the groups (Figure 1) . No statistically significant difference in survival rate was found between the NVP-exposed fish and the control fish (p=0.683). The length and mass measurements of larvae in all exposure containers and groups were very similar for 1-and 5-day-old fish, but 30-and 60-day-old fish showed variations in growth rate in the same container and in all groups. The mean length and mass, respectively, of 60-day-old juveniles were 26.5±8 mm and 0.410±0.30 g for the control group; 26±6.1 mm and 0.336±0.24 g for the solvent control fish; and 25.1±7 mm and 0.319±0.33 g for the NVP-exposed fish (Figures 2 and 3) . The mean length and mass from Day 1 to Day 60 are presented in Table 1 . The largest and heaviest 60-day-old juvenile fish was from the NVP-exposed fish with a total length of 49 mm and mass of 1.976 g; and the smallest fish was from the control group with a total length of 13 mm and mass of 0.032 g. Statistical comparison of length and mass measurements of larvae and juveniles in the NVPexposed group with those from the control and solvent groups showed no beta=1.303, p=0.0001) . The calculated mean CF for the 60-day-old fish was 1.8±0.6, 1.7±0.1 and 1.7±0.8 for the control, the solvent control and NVP-exposed fish, respectively ( Figure 5 ).
Statistical analysis showed no significant differences between the NVP-exposed fish and both control groups (p=0.427). The mean CF values for the fish in each group are presented in Table 1 .The mean daily specific growth rate (SGR) of the fish was calculated as a percentage using mass measurements from Day 1 to Day 30 and from Day 30 to Day 60 post-hatching. SGR shows the mean percentage increase in body mass per day. The SGRs for the first month were 8.4±1.6%, 8.4±1.5% and 8.9±2.3% for the control, solvent and NVP-exposed fish, respectively, while for the second month they were 7.5±0.7%, 7.2±0.8% and 6.4±0.7% ( Table 2 ).
The SGR for NVP-exposed fish between the 30th and 60th day was noticeably lower than that of the control fish, but statistical analyses showed no significant differences in SGR between the three groups (p=0.138). 
Discussion
We used a laboratory chronic exposure to examine the possible effects of the highest environmental concentration of NVP previously reported in South African surface water on the growth of early life stages of O. mossambicus. Although our results showed no significant differences in length and mass of larvae and juveniles between those exposed to NVP and control fish, it was noted that 30-and 60-day-old juveniles showed variations in growth rate in the same container and in all groups. However, this finding is not abnormal in the Oreochromis genus; previous studies on various developmental stages (embryos, larvae and juveniles) of O. niloticus from several broods observed variations in development and growth rates among fish from the same brood -the authors of those studies suggested that the variations were probably caused by the density of fish and the inadequate quality of food. 33, 34 For the present study, the exposure started with the same number of embryos in each group for each repeat, and all larvae and early juveniles received the same treatment in terms of feeding and care. However, after hatching, there were mortality cases in all groups as shown by the survival rate presented in Figure 1 . Even though the mortality rate was low with no significant differences in survival rate between groups, it may have caused a certain disturbance in the density of fish in the tanks concerned, leading to observed slight variations in growth parameters within groups. In addition, the length and mass measurements recorded in this study as well as the growth rate are comparable to those from a previous study on O. mossambicus from a natural environment in which 1-day-old larvae had a mean standard length of 4 mm 39 and O. niloticus The strong positive correlation between length and mass measurements, and between fish age and both length and mass measurements, in all groups, confirmed that as the larval and juvenile stages of O. mossambicus were aging, they were also increasing both in length and in mass, as is the case for healthy fish. 28, 40 If NVP in water had a negative impact on fish growth, the relationship between length and mass would have been affected, and the correlation would not have been strong and positive. In fisheries, healthy fish are characterised by strong positive mass-length, age-length and age-mass relationships; and length measurements are the most used in regressive models to predict either fish age or fish mass. 29 For the present study, it was also found that length measurements in all groups were good predictors of the age of fish.
The calculated CF showed that larvae and juvenile fish from all three groups had a high mean CF of about 4 for 1-day-old larvae; however, as the fish were growing, the CF decreased and approached 1 -the normal CF for healthy adult fish. 12 Froese 28 previously reported that fish early life stages have a normal CF above 1 because they increase more rapidly in length than they do in other dimensions. The mean CF of the fish in all the groups was within normal range for early life stages of fish; therefore, NVP had no significant negative impact on the CF.
The fish in all three groups had a high and rapid mean SGR from Day 1 to Day 30; from Day 30 to Day 60, the mean SGR decreased in all groups but was still high compared to the SGR recorded for O. niloticus in their natural environment. 40 O. mossambicus early life stages are known to have a fast and high initial growth rate to allow them to reach large sizes quickly in order to avoid predation. 41 According to Sparre and Venema 29 , in normal conditions, the growth rate of a healthy fish decreases as the fish gets older, becoming zero when the fish gets to its maximal growth. Thus, even though the NVP-exposed juveniles showed a reduced mean SGR between the 30th and the 60th day of their life, statistical analysis showed no significant differences between the three groups. It is therefore evident that, despite the observed variations in the rate of development, the fish in all the three groups showed comparable growth rates from the first day of their life. Therefore, NVP did not significantly affect the growth rate of the fish. The variations observed in growth rate of the fish in the same group have also been observed in previous studies on Oreochromis and are believed to be mainly caused by fish density, food quality and variation in temperature of the water. 33, 34, 40, 41 As this study was conducted in a controlled-environment room, and the fish in all groups were fed at the same time and with the same amount of food, the only factor that could have caused the variations in growth rate would be the slight variations in fish density, as explained above.
Conclusion
This study was the first in which the effects of NVP on larval and juvenile stages of O. mossambicus were assessed. It can be concluded that the highest concentration (1.48 µg/L) of NVP detected in South African waters at the start of this study, did not have significant detrimental effects on O. mossambicus early juvenile growth in terms of length and body mass during the 2 first months of life. However, a slightly reduced growth rate was noted between the 30th and the 60th day in the NVPexposed fish compared to the control fish. Future studies should further investigate this finding by extending the exposure to adult stages.
